Abstract. While satellites provide the means to monitor the temporal and spatial variability of surface albedo, their use has been limited to clear-sky areas because clouds obscure the surface at wavelengths in the solar spectrum. However, the effect of clouds on the surface albedo, especially that of snow and ice, is significant and should be considered in satellite retrievals. In this paper theoretical and observational evidence is given that shows the snow/ice albedo to be on the average 4-6% (absolute) higher under cloud cover than for clear skies, with a range of slightly less than 0 to approximately 15%. A method for retrieving the clear-sky broadband albedo of snow/ice from the advanced very high resolution radiometer is presented, and an adjustment for cloud optical depth is proposed. The cloudy-sky adjustment is independent of sensor type and could also be used with nonsatellite data sets. An application of the algorithm to data from the Surface Heat Budget of the Arctic Ocean experiment demonstrates that clearand cloudy-sky snow surface albedo can be obtained from space with an uncertainty of approximately 7% absolute. While it may be sufficient to adjust a monthly clear-sky surface albedo climatology for clouds by incorporating the mean cloud effect of approximately 5%, adjustments for cloud optical depth should be performed with instantaneous retrievals.
them for cloud cover using satellite estimates of cloud optical depth. For completeness a clear-sky retrieval procedure is presented that is similar to that developed for land surfaces by Csiszar and Gutman [1999] and a potential improvement over the methods described by DeAbreu et al. [1994] and Lindsay and Rothrock [1994] . It will be shown that the effect of clouds is to increase the broadband albedo of snow and ice and'that the magnitude of the change can be estimated as a function of the clear-sky albedo, cloud optical depth, and the solar zenith angle. While the effect of clouds on the surface albedo of snow has been observed by others [cf. Grenfell and Perovich, 1984 ], here we examine it in detail both theoretically and empirically. The geographic focus is on the polar regions, though the problem applies to snow and ice surfaces at any latitude.
Effect of Clouds on Surface Albedo

Theoretical Effects
Clouds affect the broadband surface albedo primarily because their absorptivity varies as a function of wavelength in a manner different from that of the surface. Clouds absorb little in the visible portion of the electromagnetic spectrum (around 0.6 gm) but absorb a significant proportion of near-infrared and solar-infrared radiation (2-4 gm). This is illustrated in Figure 1 , which shows the imaginary index of refraction for water and ice and the single-scattering albedo of liquid (hereinafter "water") cloud for two different effective radii. The imag- inary part of the index of refraction is a measure of pared to snow but reflects a relatively large proportion of nearabsorptivity; as the index value increases so does the degree of infrared radiation. Figure I implies that clouds will increase absorption. The single-scattering albedo is the ratio of the scat-the proportion of visible to total radiation that reaches the surtering and extinction coefficients and is therefore an indication face, the net effect of which is to increase the proportion of total of how effectively a volume of particles scatter. It decreases as radiation reflected by snow because snow reflects strongly at scattering decreases and as absorption increases. visible wavelengths. For vegetation the effect is opposite, Figure 2 gives the spectral albedo of old snow, fresh snow, where the proportion of total radiation reflected decreases bare sea ice, and vegetation. As Li and Gatand [ 1994] illus-under clouds because vegetation absorbs more in the visible trate, vegetation albedo is only weakly dependent upon solar portion relative to the near infrared. The figure shows the ratio of cloudy to clear albedos so that a ratio greater than I indicates that the cloudy-sky albedo exceeds the clear-sky albedo. As stated above, the vegetation albedo model does not vary with solar zenith angle, so the zenith angle dependence of vegetation albedo in the figure occurs because of scattering effects in the atmosphere. As expected, snow albedo increases as cloud optical thickness increases. Vegetation albedo increases initially then decreases with increasing cloud thickness, particularly for the lower albedo case. For snow the ratio translates into absolute albedo differences in the range of 0.03 to 0.05 for cloud optical depths less than 50 and 0.04 to 0.08 for optical depths between 50 and 100. The figure illustrates that the sensitivity of surface albedo to changes in cloud thickness is greatest for thin clouds.
Observed Effects
The effect of clouds on snow albedo has also been observed in the field. Grenfell 
Satellite Retrieval Methodology
The AVHRR has five channels centered at approximately 0.6, 0.9, 3.7, l l, and 12 gm (channels I through 5, respectively). Channels I and 2 are used to retrieve the clear-sky albedo, and channels 3, 4, and 5 are used indirectly in the cloudy-sky adjustment. The retrieval of the surface albedo with this instrument involves four steps: (1) convert channels I and 2 narrowband reflectances to a broadband reflectance, (2) ence between them is very small for the ocean but can be relatively large for vegetation and snow. Figure 5 gives an example of the difference between the two albedo types for unfrozen ocean, vegetation, and snow, showing a range of modeled albedos at two solar zenith angles. As the figure illustrates, differences can be up to 10%, the greatest differences occurring with a low Sun angle over a bright surface. The effect of gases, primarily water vapor, is to increase the difference between the apparent and inherent albedos of snow (apparent greater than inherent), but to slightly decrease the difference for vegetation. Aerosols and Rayleigh scattering tend to decrease the apparent albedo of snow at larger zenith angles but increase the apparent albedo of vegetation. In both cases the apparent albedo exceeds the inherent albedo, but the difference between them decreases over snow and increases over vegetation as the solar zenith angle increases. As with clouds, the effects are the result of differential spectral absorption of the atmosphere, changing the spectral distribution of the downwelling shortwave flux. In this paper the term "surface albedo" refers to the apparent broadband albedo, and the albedo retrieval procedure presented here estimates the directional-hemispherical apparent broad- = a + b(Xto a + ccosZ + dPW + ex , The relationship works best when the snow surface is bright (ct > 0.5) and clouds have small to moderately large optical depths (1 < x < 50). The cloudy-sky albedo calculated with (5) will not be exactly the same as the clear albedo for a cloud optical depth of zero (clear sky). This is an artifact of the regression analysis and does not present a problem in the application of (5) because it should only be used when a scene is identified as cloudy. The sensitivity of (5) to cloud optical depth is such that a 50% error in optical depth results in a cloudy-sky surface albedo error of approximately 0.5 % absolute at an optical depth of 1, and errors in the range of 1-2% for larger optical depths. The sensitivity to errors in the clear-sky albedo is higher, of the order of 4-9% absolute for a 10% error in the clear-sky albedo retrieval.
While much of the clear-sky albedo retrieval methodology is specific to the AVHRR (but could be adapted to other sensors), the cloudy-sky adjustment expressed in (5) All clouds are considered to be either water or ice; no attempt is made to identify mixed phase or multilayer clouds. Cloud detection is accomplished with spectral threshold tests, as described by Key [2000] . The determination of cloud particle thermodynamic phase is based on both physical and spectral properties as described in Key and Intrieri [2000] . Cloud optical depth retrievals are done using a comprehensive database of modeled reflectances and brightness temperatures coveting a wide range of surface and atmospheric conditions. The basic approach for daytime retrievals of water cloud follows that of Nakajirna and King [1990] , who showed that reflectances at absorbing wavelengths (e.g., 3.7 lam) are primarily dependent upon particle size while reflectances at nonabsorbing wavelengths (e.g., 0.6 or 0.9 lam) are more a function of optical depth. Reflectances at 0.9 and 3.7 lam were modeled with Streamer and DISORT, parameterized cloud and aerosol optical properties, and gaseous absorption. Water cloud optical properties are based on Mie theory; ice cloud optical properties are based on ray-tracing results for hexagonal crystals [Key and Schweiger, 1998 ]. For ice clouds during the day the 3.7 rtm reflectance is so small that it is unreliable. Therefore, 11 and 12 rtm brightness temperatures are used to obtain a range of possible solutions, and the 0.9 rtm reflectance is used to constrain the solution. Brightness temperature differences are also used to constrain the solution for thin water cloud over snow when the solution based on reflectances alone may not be unique. can cause either negative or positive biases; e.g., if the satellitederived cloud cover is greater than that observed at the surface, the estimated albedo for the area will be higher than the observed albedo by virtue of the cloudy-sky adjustment.
A potentially more significant source of error results from inaccuracies in the top-of-atmosphere angular models of Suttles et al. [ 1988] . Li [ 1996] 
